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Abstract—Neuroprostheses with the use of functional neuroKey words: arm movement, FES, FNS, modeling, muscu-
muscular stimulation (FNS) have the potential to restore elboloskeletal, SCI, shoulder, spinal cord injury, tetraplegia.
and shoulder function lost to paralysis because of spinal col

injury (SCI). The human shoulder is highly flexible and thus

provides a large range of motion to the arm and hand, althouyNTRODUCTION

at the expense of precarious stability of the articulations. Th
complexity of the shoulder has prevented widespread use
FNS at this joint. However, musculoskeletal modeling of the

elbow and shoulder has the potential to significantly speed tF "~ . . .
development of neuroprostheses by allowing many mechanicSplnal cord injury (SCI) with the use of functional neuro-

issues to be resolved in simulation prior to implementation imuscular stimulation (FNS) and reconstructive surgeries.
human subjects. This paper describes our rationale for the uTNe importance of the shoulder in producing such move-
of musculoskeletal modeling, the model we are using, and sements cannot be underestimated. The shoulder is flexible
eral practical applications of the model to study the potenticénough to provide the arm with an enormous range of
use of shoulder and elbow muscle FNS to restore function fomotion, yet it can simultaneously provide a stable plat-
lowing cervical SCI. form for the arm during even very strenuous forces exert-
ed against the environment. These functions are mediated
This material is based upon work supported by the Spinal Cord Research b_y a Iarge nu_mber of muscles, m_any of which CI‘OS§ mul-
Foundation of the Paralyzed Veterans of America (Grant 1826) and by the tiple articulations and many of which have complex inter-
U.S. National Institutes of Health (R29-HD32653). Infrastructure support ; sl H
was provided by the Department of Veterans Affairs FES Center of nal ,arChIteCtureS (1’2)' When an individual sustains a
Excellence. cervical-level SCI, the muscles of the shoulder are affect-
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Department of Biomedical Engineering, Case Western Reserve Universit: . : : .
Wickenden Building, Room 407, 10900 Euclid Avenue, Cleveland, OHInJury (3) This paper will focus on two general groups:

44106-7207; email: rfk3@po.cwru.edu. individuals with mid-level (C5-C6) cervical SCI and
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The ultimate goal of the work described here is to
restore arm function to individuals with cervical-level
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individuals with high-level (C1-C4) cervical SCI. (a)

Because of the mechanical complexity of the huma Acromioclavicular
shoulder, efforts to restore function with the use of FNS joint Sternoclavicular jaint
reconstructive surgeries, and other technigues have be *

few and not particularly effective. We believe that the

tool of musculoskeletal modeling provides a way of man il

aging this complexity, thus facilitating the developmeni
of interventions to restore function to the arm in thes
individuals.

Shoulder Anatomy and Mechanics

The human shoulder is an amazing set of articule
tions (sed~igure 1(a)) that provides the largest range of
motion of any “joint” in the body (1,2). The glenohumer-
al joint is the ball and socket joint that connects the upp¢
arm (humerus) to the scapula (glenoid fossa). The gleno
fossa is th_e ar'tlculatmg surface (soc}(et) within the Glenohumeral
scapula. It is quite shallow and small, with a surface are P
approximately one-third that of the humeral head (se joint (ball and
Figure 1(b)). The scapula is a flat, roughly triangular socket)
bone that glides on the posterior thorax. It rotates ar
translates significantly during normal movements bu
must also be tightly clamped against the thorax while th
arm exerts strong forces against the environment. T
clavicle is a strut that connects the scapula to the thor:
at the sternum—the sternoclavicular joint is actually the
only skeletal connection between the humerus and tf
rest.of the body. During normql movements, the relativn. =~ = ooy '- ™ N ’ Scapula
motions of these bones are finely coordinated to mov ' - :
together in a set of “rhythms.” For example, elevation o
the arm from the side to overhead is achieved through
combination of glenohumeral rotation (about two-thirds
of the total motion) and scapular lateral rotation (aboL
one-third) in a highly repeatable and synchronize«
fashion.

The combination of a small, shallow glenohumera
articulation, a floating scapula, and multiple degrees c
freedom provides the shoulder with its incredible rang
of motion. However, a reliance on soft tissues (joint cag
sule, ligaments, and particularly muscles) to maintain th
integrity of the joint results in a precarious attachment c
the arm to the body. The shoulder is susceptible to disl
cation and pain even in the able-bodied population, ar
this situation is significantly exacerbated in individuals
with weakness and paralysis caused by cervical SCI. Figure 1

Shoulder motions and internal stability are providec : o .
(a) Basic structure of the human shoulder indicating bones and articu-
by a large set of rather complex muscles. A number Qations of shoulder and (b) cross section through the proximal humerus
large, powerful muscles such as the deltoid, pectoraland lateral scapula to illustrate the small and shallow socket provided
major, and latissimus dorsi generate the forces neededby glenoid fossa of scapula.

capulothoracic
gliding plane

~—~

b)

Humerus
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move the mass of the arm and to exert forces against t Spinal sagment
environment. As illustrated ifigure 2, the rotator cuff Ci1 Gz ©3 C4 G5 LB
muscles (infraspinatus, supraspinatus, subscapularis, g - -
teres minor) stabilize the head of the humerus within th|Sceelar
shallow glenoid fossa. The serratus anterior participates |™***

the rotation and fixation of the scapula. All of these mus Trarmc.
cles are normally finely coordinated to produce thehumeral

observed “rhythms” and various functions of the shoulde|Muscles

| Gleno-
Effects of Cervical SCI on Shoulder Function ;h._,.n-:;m

As indicated inFigure 3, the muscles of the shoul- | muscles
der and elbow primarily receive their spinal innervatior
from cervical levels, so SCI in this region affects shoul| Elbaw

der function to a degree dependent on the level and extét';*:f“_‘_’f_ | brachiciadial

of the injury. The §had|ng iRigure 3 |_Ilustrates the state lnterscrs eames |
of these muscles in an individual with a generic C5-leve glatnur s ™, 7 Paanua g
SCI. The term “C5 SCI” refers to the lowest spinal leve Denmarvation

with retained function, so the injury actually occurred Arigure 3.

the C6 spinal cord level. _MOtoneuronS arising from |_eve_|5SpinaI innervation of muscles of human shoulder and elbow. Muscles
below a complete SCI will be paralyzed (gray shading ilare divided into five basic groups (scapular, thoracohumeral, gleno-
Figure 3), while those from levels above the injury will humeral, elbow extensors, and elbow flexors) to indicate general func-

remain under vquntary control (no shading:igure 3) tion. Horizontal bar for each muscle indicates spinal segments from
. . .. ." . which muscle receives innervation. Shaded areas indicate hypothetical
Motoneurons in the region of the injury (black shading Iref'fects of an individual with a pure C5 spinal cord injury. Black shad-

Figure 3) may die, causing denervation and preventing,g indicates denervation, gray shading paralysis, and no shading vol-
untary control.

Glencid (lateral view) the poss_ible use of FNS. Because most shoulder muscles
receive innervation from two or more levels, they may
Supraspinatus exhibit a mixture of voluntary control, denervation, and
- paralysis. Individuals with C5 SCI will retain partial
function of the elbow flexors and glenohumeral muscles
(e.g., deltoid and rotator cuff), so these muscles may be
weak. The elbow extensors and several prominent shoul-
der muscles (pectoralis major, latissimus dorsi) will be
mostly or completely paralyzed, resulting in the inability
to raise the arm above horizontal or toward the midline,
as well as lack of shoulder adduction. For higher-level
injuries (C4 and above), the shaded areaBigure 3
would shift to the left, reflecting the paralysis and/or den-
ervation of basically all shoulder and elbow muscles
other than the trapezius. Thus, all shoulder and arm func-
tion except shoulder shrug is typically lost.

Infraspinatus

A )

T Mi Subscapularis
el L Musculoskeletal Modeling of the Shoulder and Elbow
_ Musculoskeletal modeling is the mathematical
Figure 2. description of a joint or limb that contains individual

Anatomy and function of rotator cuff muscles. Anterior (subscapu- mponents such as the skeletal geometry, the joints (rel-
laris) and posterior (infraspinatus, supraspinatus, teres minor) views 810 p g Ys ]

each of rotator cuff muscles are illustrated, along with a lateral vieidtive motions bet\_’veen adjacent bones)1 Iigaments, and
of all four muscles and their anatomical relation to glenoid fossa. muscle-tendon units. Computer-based simulations can be
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performed with such models to evaluate the mechanicbelow, but in general we are interested in using model-
response of the system to its inputs (e.g., muscle-activbased simulations in the following ways:
tion levels) or to determine the inputs needed to achie\
a particular mechanical state. Constructing large-sca
musculoskeletal models often requires assumptions ai
simplifications to achieve a stable simulation that can b
performed within a reasonable duration. This paper wil
not focus on the current capabilities and limitations o
musculoskeletal modeling. Rather, the focus here is ¢ Investigate internal shoulder stability following SCI
the motivation for developing and using such models.  and, in particular, the effects of FNS of both large
Particularly in a complex system such as the huma “prime movers” and stabilizing muscles on this
shoulder, musculoskeletal modeling offers several signi stability.
icant advantages over alternative approache: _
Neuroprostheses for improving shoulder function will® TO develop control algorithms  for shoulder FNS
undoubtedly require invasive surgeries to place comp¢ SYStems.
nents within the body. During at least the initial phases ¢
development, simulations performed with a muscu
loskeletal model can take the place of human experime
tation, and the model can be subjected to a barrage o o .
otherwise tedious, invasive, and potentially unsuccessfAPplications in Mid-Cervical (C5-C6) SCI
intermediate implementations. The basic feasibility of i~ AS described above, individuals with C5 SCls have
approach can be evaluated; e.g., is it even mechanicapar?‘lys's of a nur_nber of mgscle_s, mcludmg the pectoralis
possible to restore a particular function through FNS of M&jor and latissimus dorsi. This results in the loss of
reasonable number of paralyzed muscles? The effects Shoulder adduction and in very weak shoulder horizontal
various muscles sets can be evaluated in simulation, flexion. Loss of adduction prevents stabilization of the
can the surgical transfer of muscles to replace tho@'m _gt the side (i.e., at laptop and tabletop levels) and the
where denervation is too severe to allow effective stimiinability to perform more forceful maneuvers, such as
lation. Finally, the model can be placed within a proposewelght shlfts_ and transfers from one seating surface to
control system so that the feasibility of the controller ca@nother. Horizontal flexion loss prevents movements of
be evaluated and the effects of modifying various Cor_the hand toward the mid-line and any manipulation activ-

troller parameters can be investigated off-line prior tdty that would normally be performed in this region. In
human implementation. one study, we performed an extensive series of simula-

We have adopted the shoulder model developed ttions to determine whether these two functions could be
Frans van der Helm and colleagues at the Technic€nhanced by stimulation of a small set of muscles, and
University at Delft (4,5). This model, the structure 0fdetermine_ol the muscles likely to be the most effecti_ve tar-
which is illustrated in schematic form Figure 4, con-  9€ts for stimulation. A;_econd sj[udy e_xamlned the impact
tains anatomically accurate descriptions of the variou®" glenohumeral stability of stimulating the large mus-
bones of the arm and shoulder, the articulations betwecles needed to enhance external arm function, as well as
these bones, several important ligaments, and 30 or mcthe potential of rotator cuff function to compensate for
muscles crossing the various articulations. In many case@ny destabilizing conditions.
the muscles are subdivided into five to nine subelemenMuscle Selection for Adduction and Horizontal Flexion
to reflect the wide origins and/or insertions of the mus An extensive series of inverse simulations was per-
cles. Glenohumeral and scapular stability are addressformed to determine the relative strength gains in shoulder
through constraints that require the net glenohumeradduction and horizontal flexion that might be achieved
reaction force vector to be directed into the glenoid fossby adding stimulated muscles to the voluntary muscula-
and the scapula to direct positive force against the thorature of an individual with C5 SCI. This assessment was
We continue to develop methods to adjust the parameteperformed by modifying the shoulder model (the elbow
of this model to reflect cervical SCI of various levels.was not considered in this study) to reflect C5 SCI and
Several applications of this model will be describecthen performing inverse simulations with increasing

» To explore the feasibility of restoring specific func-
tions to specific individuals or populations. Is it feasi-
ble with a reasonably achievable neuroprosthesis?
What function can be added by reconstructive
surgeries?

RESULTS
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@ Acromio-clavicular
joint

Gleno-humeral
jont

'/ /1]l Muscle elements

ulothoracic

Sig e

Figure 4.
Schematic representations of Delft shoulder model (4,5): (a) indicates beam structures used to approximate bones ofdshdiddiatians
between bones and (b) is a graphical representation of muscle elements used in this model.

external loads in horizontal flexion and adduction until therated inFigure 5, which plots adduction force (top panel)
model could no longer find a feasible solution. Paralyzeand horizontal flexion force (bottom row of panels) as
muscles (pectoralis major clavicular head, pectoralifunctions of arm position. Adduction is shown only for the
major sternocostal head, pectoralis minor, latissimuabduction plane, i.e., with the arm to the side. It can be
dorsi, serratus anterior, and coracobrachialis) were addseen in this figure that the voluntary adduction strength
back in all possible combinations (one at a time, two at (“C5 vol”) is barely more than the effect of gravity on the
time, etc., up to all six at once; a total of 63 combinationsmass of the arm. However, including stimulation of pec-
to determine the increase in these external moments thtoralis major thoracic, latissimus dorsi, coracobrachialis,
could result from FNS of these muscles. We found théand serratus anterior increases the adduction moment
stimulation of four muscles (pectoralis major thoracic(“C5 vol + stim”) so that it is essentially equivalent to the
latissimus dorsi, coracobrachialis, and serratus anteriomuch stronger moments that can be produced by a model
in addition to the voluntary musculature, could productreflecting an individual with a C6 level SCI. Likewise, the
97 percent of the forces produced by all six muscleshorizontal flexion moment that was added by “stimula-
Indeed, more than 90 percent of the maximum effecdion” of these same four muscles in most arm positions
could be achieved whenever the latissimus dorsi and peincreased strength to a level similar to a C6 level SCI sub-
toralis major thoracic were combined with either the coraject. Thus, it appears that stimulation of just four muscles
cobrachialis or serratus anterior. The functionahas the potential to raise the functional level of an indi-
significance of these additional shoulder forces is illusvidual with a C5 SCI by at least one segment.
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impairment, pain, and permanent deformity that could
result from repeated stimulation-induced subluxation. A
second simulation study was therefore performed to esti-
mate changes in the origin of the net glenohumeral reac-
tion force vector when “stimulated” muscles were added
to the equilibrium produced by the “voluntary” muscula-
ture. This study evaluated only arm positions within the
abduction plane (i.e., the arm elevating to the side). At a
series of arm elevation angles, a set of “voluntary” mus-
cle activations was computed that would produce a stable
force equilibrium; i.e., the arm could be held against
gravity and the net glenohumeral force vector had an ori-
gin within the glenoid, indicating stability. An additional
force caused by one “stimulated” muscle was then added
in gradually increasing magnitudes, from 10 to 100 per-
cent of maximum in 10 percent increments. For each
added force, the net (voluntary forces plus “stimulated”
force) reaction force vector was recomputed to determine
the effects on glenohumeral stability.

The results are illustrated Figure 6. Each ellipse
is an idealized outline of the glenoid. The different
ellipses represent different arm elevation angles, with ele-
vation angle increasing from the bottom panel in the fig-
ure to the top panel. The point indicated by the crossed
circle symbol within each ellipse is the origin of the
glenohumeral force vector with only “voluntary” mus-

! E,_.,'ﬂ';’,,, vt % Eiavation cles. The left column of ellipses indicates the effects of

angle {deg] angle [dsg) angle [deg) stimulating pectoralis major (open circles) and latissimus

dorsi (filled circles). The pectoralis major pulls the net

Figure 5. reaction force forward and downward and leads to an

Simulated effects of shoulder muscle stimulation in individuals with,nstaple glenohumeral joint (i.e., the force origin is out-

C5 level SCI. All panels of this figure plot forces acting at distal end
of humerus as result of shoulder abduction (a) or horizontal flexio
(b). (a) lllustration of maximum abduction forces that could be gener-

ide of the ellipse) in all arm positions for even small
“stimulated” forces. On the other hand, the latissimus

ated by model with C5 voluntary muscles (labeled “C5 vol”), C6 vol-dorsi has a stabilizing effect at all but the highest arm ele-

untary muscles (labeled “C6 vol”), and C5 voluntary muscles plugation angles because it pulls the force vector origin

stimul.ati.on of thoracic pectoralis major, latissimus dorsi', coracogown from its initially high location. The rotator cuff

brachialis, and serratus anterior mu_scles _(Iabeled “C5tvetim”). _muscles (right column) have almost universally stabiliz-

For reference, forces caused by gravity acting on mass of arm are indi- . . -

cated by thick curve. (b) lllustration of corresponding horizontal flex-N9 actions, pulllng_ the force vector o_rl_gln toward the

ion forces for same conditions as in (b). Three panels (from left t§€Nter of the glenoid. In most arm positions, the rotator

right) illustrate these forces with arm held in abduction, scapular, anduff appears well suited to counteract any destabilizing

flexion planes. actions of the pectoralis major. The paralysis/denervation
status of the rotator cuff muscles in C5 SCI is not pre-

Effects of Pectoralis Major, Latissimus Dorsi, and cisely known. Thus, it may be that the stabilizing effects

Rotator Cuff Muscles on Glenohumeral Stability of these muscles can be produced under voluntary control

The previous study clearly indicated that stimulatioror may require FNS.

of pectoralis major thoracic and latissimus dorsi can lea

to significant increases in shoulder strength. However, Applications in High Tetraplegia (C1-C4 SCI)

is critical to maintain the stability of the glenohumeral As noted above, individuals with high-level tetraple-

joint during such stimulation to prevent further shouldeigia (C1-C4 SCI) lose all arm function except shoulder
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elbow muscles. The second part of the study used these
forces in a model simulation based exploration of the pos-
sible functions that might be achieved through stimula-
tion of a relatively small number of these muscles.

The force potential of several paralyzed elbow and
shoulder muscles was examined in one individual with a
C3 SCI. Percutaneous stimulating electrodes were
implanted in anterior deltoid, middle deltoid, posterior
deltoid, clavicular head of pectoralis major, sternocostal
head of pectoralis major, latissimus dorsi, infraspinatus,
biceps, and triceps. These muscles were cyclically stimu-
lated for up to 8 hours per day for at least 8 weeks to
increase strength and thus determine the maximum forces
that might be expected in this individukigure 7 sum-
marizes the maximum elbow and shoulder moments that
were measured at the end of the exercise period. It should
be noted that the moments tabulated-igure 7 place
only a lower bound on the available moments because we
stimulated only a subset of the available muscles and
included only one head of biceps and one of triceps.

Despite the limitations of this study, the moments
elicited in this subject came very close to allowing the
important function of elevating the arm through a large
portion of the abduction plane. This was determined by
adjusting our shoulder and elbow model to reflect an
individual with a C3-level spinal cord (i.e., essentially
complete paralysis of the upper limb) and then assum-
ing that the nine muscles in the experimental study

Figure 6.
Simulated effects of shoulder muscle stimulation on glenohumeral st =
bility. Each of ellipses shown in this figure indicates% lateral view of Maximum
glenoid. Model has been modified to reflect a C5 SCI. Crossed circ| ~ Degree of freedom stimulated
in each elllpse_ shows_ origin of n_et gle_n_ohun_weral forcg vector compu moment {HITI-I
ed when arm is held in one of six positions in abduction plane by vo -
untary muscle activation. Left column indicates effect on force vecto (.4 Flexion 12.91
origin when additional forces (10 to 100 percent of maximum force it i Extension 3173
10 percent increments, with forces increasing in direction indicated & E Abduction T .54
arrow in lowest !oanel) are a_dded by pectoralis major (open c_lrcles) all = Adduction 5. 04
latissimus dorsi (closed circles) muscles. Right column illustrate o Intemnal rotation 2 70
effects of additional forces caused by three of four rotator cuff muscle I A , : y
(supraspinatus, infraspinatus, subscapularis) for same force incremer Ll External Rotation 3.59
shrug. These individuals currently have few rehabilitatior % Flexion 5 76
options. The following section will briefly describe a w : ;

: - ) -1 |Extension 5.25
study that examined the feasibility of using FNS to pro w
vide modest but functionally significant arm movements
to these individuals. The first part of this study was eXPelLig e 7

imental an_d meqsured the maximum stimulated MusCyjaximum stimulated shoulder and elbow moments for an individual
forces available in a number of paralyzed shoulder arwith a 3 SCI.
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described above, with the force levels measured, weévaluate control systems prior to implementation in
the only means available for moving the arm. A set ohuman subjects. We have used musculoskeletal modeling

simulations was performed at seven arm-e|evati00f the shoulder and elbow to evaluate the increased func-
angles in the abduction plane, evenly distributed frortion that might be provided by FNS of muscles in indi-
30 to 120 degrees of elevation. In each of these arViduals with C5-C6 level SCI and in individuals with
positions, the inverse simulation indicated whether thC1-C4 SCI. In both cases, a modest number of muscles

available muscle set could hold the arm against gravit(2 to 10, depending on SCI level) appear to be adequate
With just the set of nine muscles at their measureto restore important functions. Simulations have also
strength, this was not possible at any arm angldndicated that shoulder stability may be compromised by
However, addmg a set of Stab“izing muscles (Subscap|unbalanced stimulated contractions of Iarge shoulder
laris, supraspinatus, teres minor, and serratus anteriomuscles such as the pectoralis major but also that appro-
made it possible for the arm to be held at all elevatioPriate actions of stabilizing muscles such as the rotator
angles except one—when the arm was horizontal arcuff and serratus anterior can restore the balance and
the gravity moment in abduction was maximum. Whermaintain stability. Percutaneous stimulation of paralyzed
the strength of the deltoid was then increased by 40 peshoulder and elbow muscles in individuals with high
cent (a reasonable assumption given the limitations wittetraplegia, although limited by technical constraints,
percutaneous e|ectrodes), the arm could be held at aindicates that sufficient Strength can be provided by these
of the tested angles. We thus believe that many indivicmuscles for simple movements.

uals with high tetraplegia will benefit from a neuropros-

thesis for arm movement if full recruitment of the

shoulder musculature can be achieved. REFERENCES
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